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Isotope-editedThe position, intensity and width of bands in infrared spectra that arise from vibrational modes within a
protein can be used to probe protein secondary structure, amino acid side chain structure as well as protein
dynamics and stability. FTIR spectroscopic studies on protein–protein interaction have been severely limited
due to extensive overlap of peaks, from the interacting proteins. This problem is being addressed by combin-
ing data processing and acquisition techniques (difference spectroscopy and two-dimensional spectroscopy)
with judicious modiﬁcations in the protein primary structure through molecular biological and chemical
methods. These include the ability to modify amino acids (site-directed mutagenesis; chemical synthesis)
and produce isotopically labelled proteins and peptides. Whilst great progress is being made towards over-
coming the congestion of overlapping peaks, the slow progress in the assignment of bands continues to be
a major hindrance in the use of infrared spectroscopy for obtaining highly accurate and precise information
on protein structure. This review discusses some of these problems and presents examples of infrared studies
on protein–protein interaction in biomembrane systems. This article is part of a Special Issue entitled: FTIR in
membrane proteins and peptide studies.
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Formation of transient or permanent protein–protein complexes is
seen inmany different biochemical processes including signal transduc-
tion, enzyme catalysis, immune response etc. Structural information on
protein–protein complexes cannot be easily derived and for this reason
the vast ofmajority of structural studies on proteins have been restricted
to the analysis of single proteins. Techniques such as cryo-electronembrane proteins and peptide
rights reserved.microscopy, X-ray scattering, mass spectrometry, X-ray crystallography,
NMR spectroscopy, surface plasmon resonance, atomic force microsco-
py, isothermal calorimetry, ﬂuorescence spectroscopy, circular dichro-
ism spectroscopy, Raman spectroscopy and Fourier transform infrared
(FTIR) spectroscopy can be used to study protein–protein interaction.
Of these different techniques, X-ray crystallography and NMR spectros-
copy are undoubtedly themost powerful techniques as they can be used
to derive the structure of a protein–protein complex at atomic resolu-
tion. However, they are not free fromproblems. Only 1.08% of the solved
protein X-ray structures, deposited in the protein data bank, belong to
the “membrane and cell surface proteins and peptides” category [1].
This is a very small number considering the fact that at least 20–30% of
genes in most genomes encode for membrane proteins [2]. It is not
2266 P.I. Haris / Biochimica et Biophysica Acta 1828 (2013) 2265–2271easy to crystallise membrane proteins in general and the situation is not
any easier when it comes to crystallising membrane protein–protein
complexes. Even when a protein–protein complex can be crystallised,
it may not be in a biologically relevant conformation. Determining struc-
tures of largemembrane proteins bound to other proteins cannot be eas-
ily achieved using NMR spectroscopy. This technique has been restricted
to structural analysis of few membrane active peptides in membrane
systems using solid-state NMR spectroscopy. FTIR spectroscopy has not
been used, as yet, to determine the complete three-dimensional struc-
ture of a peptide or protein although this may be achieved sometime in
the future. Nevertheless, infrared spectroscopy has some features that
make it particularly valuable for structural analysis of membrane active
proteins and peptides [3–7].
This review article will initially discuss the type of information that
can be obtained from protein infrared spectra including potentials and
pitfalls. Subsequently, examples of protein–protein interaction studies
investigated using FTIR spectroscopy will be presented.
2. Relating infrared spectra to protein structure
Infrared spectroscopy is based on vibrations of atoms within
molecules. Those vibrations that result in a change in the net dipole
moment of the molecule will appear as peaks in an infrared spectrum.
Thus a protein infrared spectrum consists of vibrational modes arising
from all the infrared active functional groups present in a protein
including the peptide bond, the amino acid side chains as well as
from any other infrared active groups that are attached to the protein
such as prosthetic groups etc. The effect of small changes in individual
bonds including subtle changes in hydrogen-bond length can be mea-
sured using infrared spectroscopy. Information at this level cannot be
readily accessed by even X-ray crystallography and NMR spectroscopy.
Fig. 1 shows the infrared spectrum of a lipid–protein complex
suspended in aqueous media [7]. The peaks from the protein and
lipids can be seen after the overlapping water absorbance has been
digitally subtracted. For protein structure analysis, the vibration of
the peptide bond has been most productively used [3–7]. The peptide
bond gives rise to several amide vibrations that are useful in different
ways for understanding the structure of a protein (see Fig. 1). Of these
bands, the amide I band, associated mainly with C_O stretching
vibration of the peptide group, has been widely used to probe the
secondary structure of a protein [3–7]. The position of the amide I
band has been related to different structural elements (see Table 1).
For example, a band near 1650 cm−1 is attributed to α-helical struc-
ture whereas β-sheet structure occurs near 1630–1640 cm−1 [3–10].Fig. 1. FTIR spectrum of a protein–lipid complex in aqueous buffer suspension (top
spectrum) and that of the aqueous buffer (middle spectrum). The spectrum arising
from the lipids and proteins, obtained after subtraction of the buffer spectrum (middle
spectrum) from the aqueous protein–lipid suspension spectrum (top spectrum), is
shown in the bottom with the protein amides A, B, I, II, and III indicated.
Taken from Adiguzel et al. (ref. [8]) with the permission of the publishers.Analysis of a large number of proteins and peptides has led to a
general consensus regarding the position of the amide I band and
the type of protein secondary structure (see Table 1). In general,
theoretical calculations have also conﬁrmed that there is a good cor-
relation between protein structure and bands in an infrared spectrum
[8]. Nevertheless, more work needs to be done in both experimental
and theoretical areas to further improve our understanding of factors
that govern changes in amide band positions as a function of protein
structure. Certain secondary structures can absorb at very different
frequencies to what is indicated in Table 1. This is due to their envi-
ronment or speciﬁc structural arrangements. It is reasonable to ex-
pect that the frequency of the amide I band for a speciﬁc secondary
structure will be modulated by its surrounding environment. Thus,
for example, the infrared band frequency of a helix buried in a
membrane may differ from that of a helix in contact with aqueous
media. Our studies revealed that the helical structure of calmodulin
absorbs at 1645 cm−1 in 2H2O instead of the more commonly seen
1650–1655 cm−1 [11] for helices in proteins such as haemoglobin,
myoglobin, cytochrome C etc. This was attributed to the highly
ﬂexible and solvated helical structure in calmodulin [11]. In contrast,
the highly helical membrane protein, bacteriorhodopsin, displays its
amide I band maximum at 1662 cm−1 and shows a minor shift
towards lower frequency in 2H2O [12–16]. The amide I bandmaximum
for bacteriorhodopsin is signiﬁcantly higher thanwhat it is expected for
α-helical structure [12–16]. The reason for the unusually high amide I
band frequency for the helical structure of bacteriorhodopsin has been
a matter of controversy for over two decades [13–16]. Explanations
for the higher frequency have included amongst others the occurrence
of αII-helical, regions of 3(10)-helices like in alamethicin etc. [13–16].
The X-ray structure of bacteriorhodopsin has been determined and it
does not show the presence of αII-helical structure although some
3(10)-helices are present [17]. The availability of the X-ray structure
has been used to re-visit the assignment of the unusually high amide I
maximum for bacteriorhodopsin [16]. Barth and co-workers suggest
that interhelical vibrational coupling can be used to explain the high
amide I band frequency for bacteriorhodopsin [16]. It may also be due
to the fact that a greater proportion of bacteriorhodopsin is located
within the membrane, reducing its potential to hydrogen-bond with
water molecules. In contrast, other membrane proteins that have been
studied using FTIR spectroscopy, including rhodopsin, contain large
segment of their structure not embedded in the membrane. Therefore,
they will contain helices that are in contact with water. Helices in
such aqueous environments are able to participate in inter-molecular
hydrogen-bonding with water molecules, which results in a shift of
their amide I band towards lower frequency. However, this is not
possible for a peptide inserted in the phospholipid membrane, hence
the amide I band of membrane embedded helices occur at a higher
frequency. In this respect, it has been previously pointed out that
the amide I band of membrane proteins generally occurs at higher
wavenumbers (1656–1662 cm−1) compared to water soluble proteins
(1650–1655 cm−1) [18]. Thus the environment of a peptide group
can inﬂuence its infrared spectrumand this should be taken into consid-
eration when comparing spectra of a protein recorded in different
physical states [19].Table 1
Relating amide I band frequencywith protein secondary structure. The assignments given
are based on general agreement from work published in the literature (see ref. [10]).
H2O 2H2O
α-Helix 1648–1660 cm−1 1642–1660 cm−1
β-Sheet 1620–1640 cm−1
1670–1695 cm−1
1615–1640 cm−1
1670–1694 cm−1
Turns 1620–1640 cm−1
1650–1695 cm−1
1653–1694 cm−1
Unordered 1640–1657 cm−1
1660–1670 cm−1
1639–1654 cm−1
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Fig. 2. The absorbance (A) and the second-derivative (B) spectra of papain from papaya
latex in aqueous (H2O) solution. The presence of a mixture of α-helices and β-sheets is
evident from the strong bands at 1650 cm−1 and 1633 cm−1, respectively.
Taken from Haris & Hering (see ref. [10]) with the permission of the publishers.
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in protein structure analysis. It arises primarily fromN\Hbending vibra-
tion of the peptide bond. The amide II band is particularly useful for
monitoring hydrogen–deuterium exchange and changes in hydrogen-
bonding [3–10].
Although the protein infrared spectrum is dominated by the
amide vibrational modes, it also contains peaks that originate from
the diverse functional groups that constitute the side chains of differ-
ent amino acids and also from other groups attached to the protein.
Of the twenty different amino acids, peaks from fourteen of them
have been monitored in proteins and peptides (Arg, Asn, Asp, Cys,
Gln, Glu, His, Lys, Phe, Pro, Ser, Thr, Trp, Tyr). At least a part of all
the twenty different amino acids, if present in a protein, will contrib-
ute to the infrared spectrum of that protein. For a review on infrared
spectra of amino acid side chains in proteins see Barth and Zscherp
(2002) [9]. Unfortunately, with the exception of SH group of Cys
(2550–2600 cm−1) and the carbonyl group of protonated carboxyl
groups (1710–1790 cm−1), all the other amino acid side chains overlap
to varying degree with peaks from other functional groups. However,
through the application of difference spectroscopy and manipulation
of the amino acid sequence (through mutagenesis and/or isotopic
labelling) it is possible to identify changes in speciﬁc amino acid side
chains thatmay be hidden under other bands (see for example, ref. [4]).
The infrared spectrum of a protein is extremely information
rich and infrared spectroscopy can potentially provide informa-
tion on subtle changes in bond length that are beyond the
reach of both NMR and X-ray crystallography. However, this informa-
tion is hidden within a relatively narrow wavenumber range. The
amide I region (1600–1700 cm−1) contains information on both
the protein backbone and side chain that are highly overlapped
with each other (see Fig. 2a). Infrared peaks arising from each of
the bonds within the protein will depend on their hydrogen-bonding
patterns, their surrounding environment and their participation in dif-
ferent structural elements etc. The broad band width causes extensive
overlap of absorbance from the different groups making it difﬁcult
to distinguish between different structural elements, let alone identify
individual amide bonds or amino acid side chains. In order to detect
such changes in molecular structure, specialised techniques and tools
are required. Highly detailed spectral information can only be derived
through the application of techniques such as difference spectroscopy
and other mathematical tools that decongest the spectra but even this
may fail in situations where the overlap is extremely high. The simplest
difference spectrum is presented in Fig. 1, where the spectrum of water
is subtracted from the spectrum of a protein–lipid complex suspended
in water. It is only possible to see the lipid and protein bands from the
lipid–protein complex once the H2O absorbance, which overlaps over
much of the mid-infrared region, is digitally subtracted. Subtraction of
spectra provides ameans of cancelling the absorbance from a particular
group, so that peaks from other groups can be observed. For example,
infrared spectra of bacteriorhodopsin (a light driven proton pump)
can be recorded in the absence of light and then in the presence of
light in situ, inside a spectrometer without having to disturb the sample
(for example taking the cells apart). Since the path length and the
temperature of the samples have remained constant, the spectra of
the protein recorded in these two different conditions (plus light and
minus light) can then be digitally subtracted without introducing
artefacts. The resultant difference spectrum only contains peaks from
those groups that have altered due to the exposure of the protein to
light. The elimination of the peaks that are not alteredmakes it possible
to visualise the absorbance from a relatively small number of side chain
and backbone groups that are altered during the functional cycle. With-
out difference spectroscopy, it will be virtually impossible to see the
changes from the original spectrum as it will be dominated by absor-
bance from groups that are not involved in a conformational change.
As already mentioned, the most widely used region for protein struc-
ture analysis is in the amide I (1600–1700 cm−1) and amide II regions(1600–1500 cm−1). These regions are also the most congested regions
of a protein infrared spectrum and contain peaks from not only the
protein backbone but also from amino acid side chains as well as from
prosthetic groups/chromophores that are attached to the protein. In a
way difference spectroscopy “simpliﬁes” the infrared spectrum by can-
celling absorbance from groups that are not altered during a particular
biochemical process. However, attributing the peaks in the “simpliﬁed”
difference spectrum to a particular group can be extremely difﬁcult
and unequivocal assignment often requires additional experiments
such as for example amino acid substitutions, isotopic labelling,
exchange of solvents (e.g. measurement in both H2O and 2H2O) etc.
These limitations plague attempts by infrared spectroscopists to make
detailed interpretation of spectral changes. Improvement in this area
is very slow since funding for basic research such as understanding
factors that causes a change in band position, intensity and width of
simple model compounds is often not funded or is deemed unfashion-
able. As a consequence progress in the application of the technique is
being severely hampered.
The absorbance and second-derivative of papain which contains a
mixture of β-sheet and helical and structure are shown in Fig. 2a and b,
respectively. Second-derivative and deconvolved spectra reveal pres-
ence of additional bands that are not clearly evident in the absorbance
spectrum. These mathematical procedures, often called “resolution-
enhancement” techniques, do not alter the instrumental resolutions
which are set during the recording of the spectra (see for example ref.
[10]). They are based on band-narrowing methods that enable the
separation of the peaks and are now widely used. These methods make
it possible to detect small changes in infrared peaks as a function of
different factors such as changes in pH, temperature, interaction with
ligands etc. As yet, it is generally not possible to obtain information at
the individual residue level using such procedures. However, develop-
ment in chemical synthesis and molecular biology makes it possible to
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signal from a speciﬁc residue and deduce its structure.
Besides themethodsmentioned above, othermethods are also being
used in the analysis of the infrared spectra of protein–protein complexes.
For example, principal component analysis and two-dimensional spec-
troscopicmethods are being effectively used to extract detailed informa-
tion on protein structure.
3. What are the advantages and pitfalls of infrared spectroscopy
for protein–protein interaction studies?
The main advantages offered by infrared spectroscopy for analysis
of protein–protein interaction studies are summarised in Table 2. The
ability to use the technique for analysis of complex systems such as
protein–membrane complexes and insoluble aggregates makes it a
particularly attractive technique as the more established techniques
cannot be readily applied to the study of such systems. For example,
the ﬁrst evidence for the existence of β-sheet structure in the abnor-
mal form of the prion protein, which exists as an insoluble protein
aggregate, was derived from infrared spectroscopic measurements
[20]. The insolubility of the prion aggregates and the inability to pro-
duce suitable crystals prevented the application of NMR spectroscopy
and X-ray crystallography, respectively. Like with all techniques,
there are limitations and pitfalls of infrared spectroscopy that one
should keep in mind and some of these are listed below:
A. Protein purity: Using a protein with the highest purity is essential
in order to exclude overlap of absorbance from “contaminants”. A
“contaminant” to a protein infrared spectroscopist is the presence
of any other molecule in the protein solution that is not an integral
part of the protein under investigation. This “contaminant” may be
perfectly acceptable to a biochemist analysing the functional activity
of the protein but can cause serious problems in the interpretation of
protein infrared spectral data. Example of “contaminants” could be
one of the following:
(i) Buffers and salts: it is important to use buffers that do not ab-
sorb in the spectral region of interest. For example, buffers
and salts containing carbonyl and amide groups should be
avoided in the study of proteins in order to eliminate overlap
with the protein signal.Table 2
List of advantages offered by FTIR spectroscopy for protein–protein interaction studies.
Diverse environments Probably the greatest advantage of infrared
analysis of proteins in a diverse range of e
industrial applications, it is necessary to kn
changing environment. Thus it is possible
state (crystals, powder, and thin ﬁlm), and
protein in lipid membranes.
Insoluble protein–protein aggregates FTIR spectra of insoluble protein–protein–
or in thin-ﬁlms.
Probe molecules Probe molecules are not needed to monito
No size restrictions Protein–protein complexes in biomembran
Non destructive Proton–protein–membrane complexes are
Secondary structure Information on the secondary structural el
determined through the analysis of the am
Amino acid side chain structure Changes in side chains in a number of amin
and revealed most effectively using differen
acid residue. Difference spectroscopy is a po
results in cancellation of the peaks that do n
contains peaks from those groups that have
can yield structural changes involving prote
Protein dynamics Hydrogen–deuterium (1H–2H) exchange w
can be investigated. In conjunction with si
Furthermore, shifts in band position can be
Protein stability The structural stability of a protein–protein
factors such as temperature, pH etc. Isotopic
Protein orientation The orientation of different secondary stru
biomembrane, can be determined through
through isotopic labelling of speciﬁc residu(ii) Other macromolecules: Presence of other biomolecules that
contain amide and carbonyl groups that could overlap with
the absorbance of the protein should be taken into consider-
ation. Puriﬁed isotopically labelled proteins may contain a
small proportion of unlabelled version of the same proteins.
These unlabelled proteins can overlap with the amide I peak
of the other protein (the interacting unlabelled protein).
This should be taken into consideration in the interpretation
of the spectral data.
(iii) Other molecules: During puriﬁcation of proteins or synthesis
of peptides, other molecules can remain with the “puriﬁed”
protein or peptide. Whilst these molecules may not interfere
with the structure or functional activity of the protein, they
can adversely inﬂuence the interpretation of spectral data.
Thus for example, detergents and salts containing carbonyl or
amide groups can absorb in the amide I region although they
may not alter the protein activity. Triﬂuoroacetic acid (TFA)
can be bound to synthetic peptides and give rise to an intense
peak near 1674 cm−1 in the amide I region. This can be, and
has been, erroneously attributed to protein secondary struc-
ture. Therefore, a clear knowledge of the different chemicals
that could be introduced into the puriﬁed peptide or protein
must be known so as to exclude absorbance from unwanted
molecules.
B. Subtraction of overlapping absorbance: It is often necessary to sub-
tract the absorbance of the solvent from the spectrum of the protein
that was either dissolved or suspended in that solvent. For example
H2O absorbancewill need to be subtracted from the spectrum of the
protein–protein complex in an aqueous membrane system so that
the amide I band can be visualised without interference from the
H2O bands (see Fig. 1). This is particularly important in the case of
the subtraction of H2O since the amide I band is directly overlapped
by the intense O\H bending vibration (Fig. 1). The subtraction
of this peak can be rather difﬁcult and over-subtraction or under-
subtraction can occur due to variation in the cell path length
(which is more common when short path length transmission
cells are used). This problem is generally avoided if attenuated
total reﬂection (ATR) method is used for recording the spectrum.
However, in both cases (transmission and reﬂectance) the temper-
ature of the sample and the buffer (solvent) should be as identicalspectroscopy over many other techniques is its versatility in being accessible for
nvironments. This is particularly important since in living systems, as well as in
ow how a protein will behave structurally and functionally as a consequence of
to analyse protein structure in solution (aqueous and non-aqueous), in the solid
suspensions (membranes, aggregates). Fig. 1 shows the infrared spectrum of a
membrane complexes can be recorded for samples suspended in aqueous media
r the interaction between two proteins in a membrane embedded system.
e systems of any size (molecular weight) can be analysed.
not damaged by conventional infrared light and the sample can be re-used.
ements in a protein–protein complex in the presence of biomembranes can be
ide bands.
o acids in a protein–protein complex, embedded in the membrane, can be investigated,
ce spectroscopy, especially where site-speciﬁc isotopic labelling of a speciﬁc amino
werful tool as the subtraction of a protein spectrum in state A from that in sate B
ot undergo a conformational change. The resultant difference spectrum only
undergone a structural change. Through this approach infrared spectroscopy
in–protein interaction at the level of individual residues.
ithin the peptide group in a protein–protein complex, embedded in biomembranes,
te speciﬁc labelling, the 1H–2H exchange of a speciﬁc residue can be monitored.
related to the environment of the peptide group or the side chain.
complex, embedded in the biomembrane, can be monitored as a function of different
labelling of one of the proteins can be used to explore the individual proteins.
ctural elements or side-chains in a protein–protein complex, embedded in a
polarised infrared spectroscopy. Further details of the interaction can be obtained
es and subsequently determining their orientation.
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ture. Furthermore, the infrared spectrum of H2O can change as a
function of pH, presence of other molecules, concentration of
substances dissolved in water etc. Awareness about these issues is
critical to ensure accuracy and reliability of the water subtraction
and the subsequent structure analysis. These issues are very impor-
tant in situations where very small spectral changes are monitored.
C. Water vapour: Water vapour peaks overlap strongly in the amide
I region and it may be necessary to purge the instrument with dry
air or nitrogen to reduce the absorbance from water vapour. These
days many FTIR spectrometers make use of a pre-recorded water
vapour spectrum that is subtracted from the sample spectrum.
This can also be done manually after the protein spectrum has
been recorded. Although this is often useful, utmost care should be
taken to avoid over-subtraction or under-subtraction which could
introduce artefacts leading to misinterpretation of the spectral data.
D. Processing of spectral data: The most widely used infrared spec-
tral data processing methods in protein structure analysis are
deconvolution and second-derivative analysis (see Figs. 2, 3, 4, 5).
Thesemethods unravel peaks that are not readily visible in the orig-
inal protein absorbance spectrum due to overlap of the peaks. How-
ever, these methods not only enhance the visibility of the protein
peaks but will also enhance other spectral features including back-
ground noise and water vapour absorbance. If one is not careful,
peaks can be attributed to protein secondary structure when they
in fact arise from water vapour peaks or even random noise. If the
signal-to-noise ratio of the original absorbance spectrum is rather
poor (due to low protein concentration or other reasons) or water
vapour peaks have not been eliminated, application of second-
derivative and deconvolution methods should either be avoided
or applied with care and the information obtained should only be
a guide and not considered as ﬁnal. Curve-ﬁtting, principal compo-
nent analysis, neural network analysis and other methods are
being used to extract information from protein infrared spectra.
However, the potential pitfalls of these methods should be kept in
mind. The need to have highly quality spectra before further pro-
cessing of the data is of utmost importance.
E. Environment: It is increasingly becoming apparent that many
factors can be responsible for shifts in the protein amide bands
and not only protein secondary structure. For example, hydration,
inter-helical interactions, and aggregation can all inﬂuence the
position of the amide bands. It is therefore, very important thatcm-1
d2
A/
d2
υ
Fig. 3. Second derivative spectra of the isolated receptor Ig domain (top panel), G-CSF/Ig
complex (middle panel) and the isotope labelled (13C,15N)G-CSF/Ig complex (bottompanel).
Li et al. [29], reproduced with permission of the publishers.the impact of the surrounding environment and the physical state
of the sample is taken into consideration before attributing spectral
changes to alterations in protein secondary structure. Thus compar-
ing secondary structure of a protein in solution with that of the
protein in the dry state has to be done carefully as alterations in
the position, intensity and width of the peaks could vary simply
due to alteration in solvation, packing density etc. [20].
4. Different approaches for studying protein–protein interaction
using FTIR spectroscopy
4.1. Without isotopic labelling
(1) Recording the spectrum of the individual proteins and then
digitally combining them to produce a single “synthetic spec-
trum”which can then be compared with the spectrum obtained
for the two proteins that have been physically mixed together
(so that they have the opportunity of actually interacting with
each other). If there are differences between the “synthetic spec-
trum” (for example where the spectrum of protein A is added
to the spectrum of protein B) and the spectrum of the protein
mixture (protein A and B mixed together), then it would be
indicative of some structural changes associated with the inter-
action between the two proteins. Analysis can be carried out
using second-derivative and deconvolution procedures to see if
there are differences in the position, intensity and width of the
peaks. As yet this approach has not been used in the literature
although theoretically this should be possible. However, it
would not be straightforward to identify which of the two
proteins has undergone a change during the interaction. Never-
theless, the method would be useful for determining if an inter-
action has occurred or not. In the opinion of the author, this
approach is likely to be used in the future.
(2) FTIR spectroscopy combined with titration experiments and
principal component analysis [21]. In this method, the concentra-
tion of one protein is kept constant and the concentration of the
other protein is gradually increased. FTIR spectra are recorded
for each concentrations resulting in a set of infrared spectra
(so-called mixture spectra) that are mathematically corrected
and analysed through principal component analysis. To minimize
errors, caused by spectral changes due to protein concentration
increase, a spectral compensation is required. Since the spectralcm-1
d2
A/
d2
υ
Fig. 4. Second derivative spectra of the isolated receptor Ig domain (top panel) and
13C/15N G-CSF/Ig complex (bottom panel). This reveals spectral changes that occur
in the Ig protein after its interaction with the G-CSF protein [29]. Reproduced with
permission of the publishers.
cm-1
d2
A/
d2
υ
Fig. 5. Second derivative spectra of the 13C,15N G-CSF/Ig complex recorded at varying
temperatures (from 20° to 90 °C). Changes in the stability of the two proteins can be
detected thanks to separation of the overlapping signals by uniformly 13C labelling
the G-CSF protein [29]. Reproduced with permission of the publishers.
2270 P.I. Haris / Biochimica et Biophysica Acta 1828 (2013) 2265–2271differences induced by protein complex formation can be rather
small compared to the overall absorbance of the absolute infrared
mixture spectra, it is necessary to apply spectral compensation. In
order to do this, it is necessary to determine the exact concentra-
tion of each protein in the reactionmixture. The spectrum of pure
proteins is subtracted from the spectrumof the proteinmixture to
yield a difference spectrum. This difference spectrumwill contain
bands resulting from protein–protein interaction. The difference
spectrum can then be analysed using PCA to obtain principal
component spectra in order to reveal information regarding
changes in protein structure associated with protein–protein in-
teraction. Jung et al. [21] used this approach to study the interac-
tion between the FMN domain of a bacterial monooxygenase
cytochrome P450BM-3 (CYP102A1) with the heme domain.
Alterations in protein secondary structure and amino acid side
chains, resulting from protein–protein interaction, were detected
through the application of PCA. A drawback of this approach is
that it lacks speciﬁcity as one cannot unequivocally determine
which of the two interacting proteins have undergone the struc-
tural change.
(3) Obtaining difference spectrum of two proteins that only interact
with each other after the application of an external (light expo-
sure) or internal trigger (electrochemical reaction), can reveal
subtle changes in protein structure. Thus for example, it has been
possible to record spectra of rhodopsin in the presence of its
G-protein (transducin) before illumination (where they do not
interact with each other) and after light illumination (when they
do interact with each other). Subtraction of the two spectra will
yield a difference spectrum that will contain positive or negative
bands from structural elements that have changed as a conse-
quence of the interaction between the two molecules after the
light trigger. These specialised studies are limited to systems that
are amenable to the application of an external or internal trigger
to initiate a reaction. This approach has been useful in the study
of interaction between rhodopsin and transducin and other light
triggered proteins [22–25]. Redox induced infrared difference
spectroscopy [26] has been used to probe conformational changes
associatedwith complex formation between the Cu(A) fragment
from Thermus thermophilus ba(3) terminal oxidase and its elec-
tron transfer substrate (cytochrome c(552)). This study involved
the use of an electrochemical cell. Changes in protein structureassociated with the interaction between the two proteins were
detected including the involvement of heme propionates [26].
4.2. With isotopic labelling
Isotope-edited infrared spectroscopy has been widely used in
the study of biological systems. When it was not possible to digitally
subtract the overlapping H2O absorbance from spectra of proteins in
solution, studies were conducted with proteins in 2H2O. This is be-
cause the O\H bending vibration of H2O overlaps with amide I
band but the O\2H vibrations in 2H2O do not (due to the heavier
deuterium atom, the O\2H vibration occurs at a lower frequency).
Likewise, isotopic labelling of the carbon atom in a peptide group
will lead to a downward shift of the amide vibration. The ﬁrst use of
this approach for the study or protein–protein interaction was
reported by Haris et al. (1992) [27]. Of the different types of isotopic
labelling, replacement of 12C with 13C is most useful in protein–protein
interaction studies as this results in a large shift (approx. 45 cm−1) of
the amide I band which arises principally from C_O stretching vibra-
tion [4]. Due to this shift, the amide I band of the unlabelled protein
(1700–1620 cm−1) becomes visible and thus changes in its band-
width, band-frequency and band-position can be readily monitored to
probe structural changes associated with protein–protein interaction.
The ﬁrst reported isotope-edited FTIR spectroscopy [27] of protein–
protein interaction investigated the interaction between HPr and IIAmtl
proteins from Escherichia coli. The amide I band of the 13C labelled HPr
protein shifted by approximately 45 cm−1 towards lower frequency.
The amide I band positions of the interacting protein were compared
using second-derivative analysis. However, no signiﬁcant differences
in secondary structure were detected. NMR structure of the complex
between the HPr and IIAmtl has been subsequently determined [28]
and is in agreement with the FTIR analysis as only some subtle changes
in the structure of the two proteins were detected with no global
changes in the secondary and tertiary structure of the protein [28].
These small changes, and more, could have been detected had it been
possible to apply FTIR difference spectroscopy in the study of interac-
tion between HPr and IIAmtl.
Isotope-edited FTIR spectroscopyhas been used to study the interac-
tion between Granulocyte colony stimulating factor (G-CSF) and its
receptor, corresponding to the extracellular immunoglobulin (Ig)
domain [29]. There is extensive overlap of absorbance from G-CSF and
Ig proteins in the G-CSF/Ig complex when both proteins are unlabelled
(see Fig. 3). When the G-CSF is uniformly labelled with 13C,15N, its
amide I shifts to 1610 cm−1 from 1653 cm−1 (unlabelled protein). As
a consequence, the amide I band of the unlabelled Ig protein becomes
unmasked. The 1610 cm−1 band in the spectrum of the labelled
G-CSF/Ig complex can be attributed to α-helical structure in 13C,15N
labelled G-CSF. The spectrum of the isolated Ig domain shows a peak
maximum at 1632 cm−1 which can be attributed to β-sheet structure.
When Ig is complexed to the unlabelled G-CSF, the overlap is so great
that it is not possible to make unambiguous deductions regarding spec-
tral changes. However, with the Ig complexed to the labelled G-CSF, the
peaks originating from the Ig protein are unveiled. It can be seen from
Fig. 4 that the spectrum of the free Ig has fewer number peaks in its
amide I region compared to Ig complexed to G-CSF. Additional peaks
are seen at 1646, 1664, 1674 and 1686 cm−1 that have been attributed
to conformational change in the Ig protein resulting from its interaction
with the G-CSF protein. The spectrumof the labelled G-CSF protein does
not show any peaks above 1635 cm−1 and therefore the authors [29]
were conﬁdent enough to assign the additional peaks in the spectrum
of Ig (Fig. 4) as originating from the peptide backbone structure of Ig
complexed to G-CSF.
Isotope-edited FTIR spectroscopy was also used to monitor the
thermal stability of the Ig and G-CSF proteins whilst they are held
together in a complex [29]. Spectra were recorded at different tem-
peratures, ranging from 20° to 90 °C. Second-derivative analysis of
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shows a major peak at 1610 cm−1 (attributed to α-helix in 13C/15N
labelled G-CSF) and 1632 cm−1 (attributed to β-sheet structure in
the Ig domain). With increasing temperature, the helical structure
in 13C,15N labelled G-CSF is reduced. This is evident from the decrease
in intensity of the 1610 cm−1 band. As the helical structure decreases,
a band appears at 1574 cm−1 which progressively increases with in-
creasing temperature. This band can be attributed to inter-molecular
β-sheet structure which would normally occur near 1620 cm−1 in the
unlabelled protein. The unlabelled Ig domain in the complex shows
the appearance of a band 1619 cm−1 which can be assigned to
inter-molecular β-sheet formed as result of the thermal unfolding of
the Ig domain. The authors determined from the appearance of these
peaks, the melting transition (Tm) of α-helix in G-CSF and β-strand
in the receptor Ig-domain [29]. They found that the Tm of the helical
structure in G-CSF is increased by approximately 10 °C whilst that
of the β-strand in the receptor Ig-domain by approx. 15 °C in the
G-CSF/receptor complex. This study is a good example of how FTIR
spectroscopy in conjunction with second-derivate calculations and iso-
topically labelled proteins can be used to investigate protein structure
and stability of protein–protein complexes.
Isotope-edited FTIR difference spectroscopy has been used to probe
the interaction between a rhodopsin and a peptide corresponding to its
G-protein (transducin) [30]. The authors expressed the 13C and 15N
uniformly labelled peptide in E. coli. The interaction of this peptide
with unlabelled rhodopsin, embedded in a biomembrane system, was
investigated. In order to obtain a difference spectrum of the peptide,
without interference from rhodopsin absorbance, the spectrum of the
unlabelled peptide–rhodopsin complex was subtracted from the la-
belled peptide–rhodopsin spectrum. The resulting difference spectrum
(isotopic shift spectrum) contains peaks that exclusively arise from
the peptide, since the peaks from the unlabelled rhodopsin molecule
are cancelled out. The authors detected spectral changes in the amide
I region which they interpreted as changes in peptide backbone and
amino acid side chain structure [30].
5. Summary
FTIR spectroscopy is a promising tool for studying protein–protein
interaction in membranes. The problem of the overlapping signals from
the interacting proteins is being addressed through the use of tools such
as difference spectroscopy, second-derivative, deconvolution, PCA and
two-dimensional infrared spectroscopy along with isotopic-labelling.
However, what is proving to bemore difﬁcult is the unequivocal assign-
ment of the spectral differences to speciﬁc protein structure that result
from these interactions. Therefore, furtherwork needs to be done in our
understanding of protein infrared spectra so that a change in the posi-
tion, intensity and width of a band, arising from a group in a protein,
can be conﬁdently attributed to a speciﬁc change in protein structure.
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